Introduction
In recent years, the estimation of forest carbon stocks has gained prominence due to the role of forests in the mitigation of global climate change through carbon storage in biomass and soil. In the Mediterranean area, this products and services provided by forests are usually of greater value than their direct productions. Therefore, forest managers require accurate tools for estimating carbon stocks in order to incorporate this aspect into forest management and planning. Carbon estimation is usually carried out using 'indirect' methods which rely on forest inventories because direct estimation approaches are both complex and costly. Hence, biomass models which relate different tree biomass components to dendrometrical variables and biomass expansion factors which relate biomass to stand volume are particularly useful tools in forest biomass estimation (Brown, 2002; Somogyi et al., 2007) . Biomass models require tree-level data, which are usually recorded in forest inventories, such as diameter and sometimes height (Teobaldelli et al., 2009) . Since biomass expansion factors could depend on site , age (Lehtonen et al., 2004) or stand timber volume (Fang et al., 2001) , if tree-level data is available biomass models are often preferred.
In Spain, stands dominated by hardwood species account for over 46% of the forested area (8.6 million ha), while this percentage rises to 65% (12.2 million ha) if mixed stands are included in the statistic (MARM, 2010) . Biomass production has been amply studied in several of these hardwood species such as Fagus sylvatica (Santa Regina et al., 1997) given their extensive distribution and importance in wood production. More recently, such studies have been undertaken in plantations of Eucalyptus (Merino et al., 2005; Pérez-Cruzado et al., 2011) or hybrids of the genus Populus (SixtoBlanco et al., 2007) due to their importance in bio-energy production. As regards Quercus species, Q. ilex has also been studied due to its wide distribution in the Mediterranean area (Canadell et al., 1988; Rapp et al., 1999) ; Q. pyrenaica -valho and Parresol, 2003) and Q. robur (Balboa-Murias et al., 2006b ) because of its ecological importance. However, other Quercus species, such as Q. canariensis, Q. faginea and Q. suber have been poorly studied despite their great ecological and economic importance too. A compilation of the literature for biomass estimation in Spain was done in Bravo et al. (2011) . Montero et al. (2005) developed biomass models for thirty two forest species in Spain in order to quantify the carbon stocks and the potential of Spanish forests as carbon sinks. These are allometric models for the different tree components (stem, branches of different diameters, needles or leaves and root system), which use diameter at the breast height as an independent species by Ruiz-Peinado et al. (2011) since they did -able in this type of model) between tree components (Cunia and Briggs, 1984; Parresol, 1999) . Besides diameter, these new equations included total height as an independent variable in order to do more applicability to the models. In this study, we present new biomass models for hardwood species with higher surface distribution and ecological importance in Spain in order to improve the estimations provided by the previous models proposed by Montero et al. (2005) . As in the case of the models for softwood species , we used methods that guarantee the additivity of the tree biomass fractions and we explored the inclusion of tree height as an additional predictor variable.
Material and methods

Study area
collected in representative regions across the natural distribution areas of these hardwood species in Spain or from areas where these species are cultivated, selecting trees within the pure stands. The location of the sampling sites is presented in Figure 1 
Data sampling
Individual trees were selected at medium quality sites (stands of medium site index) and those chosen for the destructive sample were taken from among those which displayed normal development and average growing conditions. Diameter at breast height (1.30 m), total height and crown height were measured directly on each tree. Trees were sampled in 5 cm diameter classes, starting at 5 cm up to the maximum diameter found in the area, sampling at least three trees in each diameter classes when it was possible. For Q. pyrenaica the sample was completed with available trees from other studies carried out in the CIFOR-INIA. The number of sampled trees varied from a minimum of 16 in the case of A. glutinosa to a maximum of 183 trees for Q. pyrenaica. A breakdown of the data is shown in Table 1 .
Sampled trees were felled, separated into biomass the fresh weight. Thicker stems were measured every meter and their volume calculated using the Smalian formulation and then basic density of wood was applied in order to convert volume into dry mass. Methods for estimating the weight of the biomass per fraction of the that those described in Ruiz-Peinado et al. (2011) . In accordance with the methodology described in Montero et al. (1999) we considered the following biomass components: stem with bark (commercial volume, up to a top diameter of 7 cm), thick branches (diameter greater than 7 cm), medium branches (diameter between 2 and 7 cm), thin branches (diameter smaller than 2 cm) and leaves. For some deciduous species (C. sativa, F. sylvatica, F. angustifolia and Q. pyrenaica) biomass data were collected in autumn and winter when leaves were not present on the trees so this Min: minimum; Max: maximum; Mean: mean; n: number of samples; *: Aboveground biomass does not include the leaves component.
B C
Biomass models for hardwood species in Spain fraction was excluded from the analysis. Estimation of root biomass was only undertaken on a few trees per species and diameter class due to the complexity and cost of the work involved, so one tree per diameter class were selected to root biomass estimation. The fact that E. globulus is managed as a coppice system folages of the root systems found on the samples. Therefore, this fraction was excluded for this species. Thus, the original database from Montero et al. (2005) was updated and increased for some species in order to obtain a more widespread sampling along the diameter classes. Nevertheless, some cases the sample could not be completed due to protection status of the species for cut the tree and remove the radical systems.
Statistical analysis
biomass components was the same as that described by Ruiz-Peinado et al. (2011) . Fitting was performed -tions used in the literature and chose the best model Mean Residuals (MRES), Root Mean Square Error (RMSE), (MEF) and Akaike Information Criterion (AIC). Also we draw the models to evaluate the biological behaviour. A system of equations was then biomass components through seemingly unrelated regressions (SUR) in order to observe the additive property between biomass components (Parresol, 1999; 2001) and weighted regression to avoid heterocedastic--ently since there were fewer samples for this fraction than for aboveground biomass due to the laborious and time-consuming nature of the work involved. The mod--cedure (SAS Institute Inc., 2004 ). Multicollinearity was also tested using the condition number. Due to probindividual model for the foliage component of any of the species. Hence, where present, this fraction was included in the thin branch component. Also, when one -ting, it was included with the next size component.
The models obtained were compared to those presented in Montero et al. (2005) through the RMSE and MEF ratios (Bi et al., 2004) (for more details regarding methodology see Ruiz-Peinado et al., 2011) .
Since belowground biomass is closely correlated with aboveground biomass for allometric reasons (Kurz et al., 1996) , determining the partitioning of biomass could be useful to apply in other studies or models. In this way, the root:shoot ratios were calculated as the dry mass relationship between the belowground and aboveground biomass of a tree. A Tukey's honest sig--p < 0.001).
Results
Maximum aboveground biomass for the sampled hardwood species ranged from 426 kg for O. europaea to 3,899 kg for F. sylvatica and maximum belowground biomass ranged from 222 kg (O. europaea) to 1,957 kg (Q. ilex) ( Table 1 ). The models selected through the SUR procedure and statistics for bias and precision (MRES, RMSE and MEF) are shown in Table 2 , all level.
All the stem biomass models for the studied species included diameter and total height as independent variables, except for C. siliqua, Q. ilex and Q. faginea which only presented diameter. Diameter was also included in all the models for the other biomass fractions, but the inclusion of total height was restricted to the branch fraction and only for some of the species (Table 2 ). stem biomass model for each species, exceeding a value of 0.82 in all cases. Even so, most of the models of -ciency values of over 0.7. As can be seen from the predicted versus the observed values for aboveground biomass in Figure 2 , there is no evidence of bias in the The thick branch component was absent in smaller trees and this fraction only appears when trees reach a certain size. Therefore, most of the models for thick branch biomass presented a restriction based on a threshold diameter, which varied from 12.5 cm for C. sativa, F. angustifolia and Q. ilex to 22.5 cm for F. sylvatica and P. x euramericana. In other cases, such as for A. glutinosa, the sample size was so limited (due to the small number of thick branches) that this com- Biomass models for hardwood species in Spain ponent was incorporated into the medium branch fraction. In the case of E. globulus and Q. pyrenaica, the thick branch component was so limited that it was included as part of the stem fraction since both these fractions, when harvested, are destined for the produc--ciency for belowground biomass equations reached a F. sylvatica and Q. ilex.
The RMSE and MEF ratios calculated to compare the fitted models with those proposed by Montero et al. (2005) indicated improved performance for all species using the new models. All the RMSE ratios were lower than 1 and the MEF ratios higher than 1 for most of the fractions and species (Table 3) , with a mean RMSE reduction of 20% and a mean MEF increase of 7% for aboveground biomass. As regards the different fractions, the greatest improvements in performance were for thick branches and thin branches, although for some species the efficiency of the stem biomass equation increased by more than 25%. With regard to species, the models showing the greatest improvement were those for A. glutinosa, Q. canariensis and Q. suber.
The partitioning of tree biomass into basic fractions as stem, crown (branches of different sizes and foliage when it was present) and belowground biomass is shown in Figure 3 . This partitioning is done using the diameter of 35 cm and height calculated from the sample data. The stem was the biggest fraction in the case of Q. pyrenaica (65%, but for this species including the thick branches component), F. sylvatica (62%) and P. x euramericana (56%) and the smallest fraction for C. siliqua (17%). The crown component was the largest biomass fraction for some of these hardwood species as Q. ilex and Q. suber with maximum values of 52% and 45% respectively, but also presented minimum values of 13% in the case of A. glutinosa and 14% for Q. pyrenaica, excluding this case the thick branch component. Root biomass importance varied between species, from nearly half the total biomass to just a seventh. The maximum values for this fraction were 49% and 43% for C. sativa and F. angustifolia respectively and the minimum values were 15% for F. sylvatica and 20% for Q. suber. Mean values for the root:shoot relationships ranged from a maximum of 0.812 for A. glutinosa to a minimum of 0.163 for F. sylvatica. The mean value considered for the hardwood species studied is 0.466. The Tukey test revealed differences between the means of the root:shoot ratios for the studied species, establishParticularly notable were the high root:shoot ratios found for A. glutinosa, C. siliqua, F. angustifolia and C. sativa, with values above 0.75. O. europea and Q. faginea presented root:shoot ratios around 0.5 and the rest below 0.4.
Discussion
wood species improved the previous ones developed by Montero et al. (2005) (Table 3) , providing more consistent and precise models to estimate biomass and carbon stocks in Spanish forests, to use in nutrient cycling studies (Montero et al., 1999; Blanco et al., 2006) , forest planning for bio-energy purposes (López-Rodríguez et al., 2009) or forest management to maximize the carbon sink capacity of forests Cañellas et al., 2008) . previously developed equations, was assured through the systems of equations for each species. The applicaheight as a predictor variable resulted in a notable improvement in the performance of the biomass models, particularly for some species, being the RMSE mean reduction of a 20% and the MEF mean improvement of an 18% (Table 3 ). Other models for Spanish forest species have also obtained good results using this meth- odology, such as the previously mentioned models developed by Ruiz-Peinado et al. (2011) for softwood species (the accuracy of the estimations up to a 19% improvement for aboveground biomass and 50% for the thick branch component in some species), those of Balboa-Murias et al. (2006a; 2006b) for Pinus pinaster, P. radiata and Quercus robur in the north-west of Spain, or the models for Eucalyptus globulus and E. nitens developed by Pérez-Cruzado et al. (2011) .
Diameter and total height were generally recorded in forest inventories and are well correlated with biomass weight, being chosen as models independent variables. The inclusion of height in the models improves the accuracy of biomass estimations (Bi et al., 2004; Joosten et al., 2004) and, hence, the models can be applied in a wider range of stands since height provides information on growth and site conditions . Also, other authors have proposed models which also include variables such as tree age (SaintAndre et al., 2005; Shaiek et al., 2011) or crown height (Loomis et al., 1966; Carvalho and Parresol, 2003) very useful for estimating crown biomass, but we discarded their inclusion because these variables are not usually measured neither in forest inventories nor in the Spanish National Forest Inventory.
Most of the stem models included the combined variable of diameter and height (d 2 h), which improved the precision of the estimations (Antonio et al., 2007) .
ciency using of the combined variable and having the lowest degree of variability. Nevertheless, the inclusion of tree height in the branch models did not always improve the estimations and for this reason was only present in a few cases. Also, in some branch models may indicate that taller trees have a relatively reduced crown size because they are competing for light (Vanninen and Mäkelä, 2000) .
Stem models showed a greater ability for predicting biomass than models for the other components (they explained more than 82% of the observed variation in all cases). Models for branch biomass presented a lower predictive ability, probably due to the high variability observed in this component resulting from differences in stand density and tree competition stage (Návar, 2009) . Belowground biomass models only include diameter as independent variable, as stated in other studies (Drexhage and Colin, 2001; Tobin et al., 2007) . Since most of the studied hardwood species are resprouters there is a greater degree of variability in befor this fraction is lower and, in addition, the number of root biomass samples was quite limited for some species, for these reasons more research about belowground biomass is needed to validate it.
Biomass partitioning for the hardwood species showed that only three species present stem values above 50% (Fig. 3) , including Q. pyrenaica (for which the thick branch component was included). In comparison with the mean values for softwood species reported by RuizPeinado et al. (2011) , hardwood species allocate a greater proportion of resources to crown and belowground biomass than to the stem. Crown allocation values vary depending on the species, but the mean percentage is greater than for softwood species. Figure 3 also shows that Mediterranean species (Q. ilex, Q. suber, O. europaea, C. siliqua and Q. canariensis) allocated more biomass in crown (more than 35%) than Eurosiberian species (A. glutinosa and F. sylvatica), being this pattern also observed in softwood species from P. halepensis to P. uncinata .
The root:shoot ratios found for the hardwood species are in the same range as those reported by other authors. In the case of F. sylvatica (a value of 0.163 according to the results of this study), Lebaube et al. (2000) found a very similar value (0.15) in France. In the same way, the value found for Q. ilex (0.357) is similar to that reported by Canadell and Roda (1991) in Cataluña, north-east Spain (0.41). In other cases, the results vary slightly from those of other studies, such as in the case of poplar for which Federici et al. (2008) reports a value of 0.21 in Italy. Mokany et al. (2006) presented root:shoot ratios according to vegetation categories, including oak forests where a value of 0.295 was found. Although other authors, such as Cairns et al. (1997) and Mokany et al. ferences between groups of species (softwood and hardwood), where Spanish species are concerned the difference between groups is substantial: a mean value of 0.466 for hardwoods (found in this study from 13 species in the Iberian peninsula) and a mean value of 0.265 for softwoods species found by Ruiz-Peinado et al. (2011) . The higher ratio in hardwoods might be explained by the recent history of broadleaf stands in Spain, where these stands are typically managed as -thermore, these systems are favored by the recurrence of the Mediterranean climate (Canadell and Roda, 1991) result in deeper, larger root systems which are i j better adapted for nutrient storage. This occurs in many Quercus, F. angustifolia and C. sativa stands which display high root:shoot ratios.
The different values found and those reported in the literature suggest that root:shoot ratios may not be static relationships, but could depend on tree age (Peichl and Arain, 2007) , type of species considered (hardwoodsoftwood) (Kurz et al., 1996) as reported in this study; or abiotic factors (Cairns et al., 1997) and for these reasons more data for different sites and developed stages would be need to supplement values presented.
Conclusions
The new models presented in this study, which satisfy the additivity property as well as being consistent, provide accurate tools for estimating biomass weight in hardwood species in Spain. The inclusion of total conditions, improves their accuracy and applicability.
Belowground biomass was found to be one of the largest fractions in many of the hardwood species due to its important role in resource storage. In comparison to softwood species (in which the stem fraction is the largest), hardwood species allocate a greater amount of biomass to the crown and belowground fractions. 
